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The interactions of Sendai virus proteins required for viral RNA synthesis have been characterized both by the yeast
two-hybrid system and through the use of glutathione S-transferase (gst)–viral fusion proteins synthesized in mammalian
cells. Using the two-hybrid system we have confirmed the previously identified P–L (RNA polymerase), NP0-P (encapsidation
substrate), and P–P complexes and now demonstrate NP–NP and NP0 –V protein interactions. Expression of gstP and P
proteins and binding to glutathione–Sepharose beads as a measure of complex formation confirmed the P–P interaction.
The P–gstP binding occurred only on expression of the proteins in the same cell and was mapped to amino acids 345–
411. We also show that full-length and deletion gstV and gstW proteins bound NP0 protein when these sets of proteins
were coexpressed and have identified one required region from amino acids 78–316. Neither gstV nor gstW bound NP
assembled into nucleocapsids. Furthermore, both V and W proteins lacking the N-terminal 77 amino acids inhibited DI-H
genome replication in vitro, showing the biological relevance of the remaining region. We propose that the specific inhibition
of genome replication by V and W proteins occurs through interference with either the formation or the use of the NP0 –
P encapsidation substrate. q 1996 Academic Press, Inc.
INTRODUCTION amino acids. V protein is phosphorylated and immunoflu-
orescence microscopy of Sendai virus infected cells
The P gene is multifunctional in paramyxoviruses and
shows that V has a granular cytoplasmic distribution,
in Sendai virus encodes the P protein, a nested set of C
distinct from that of viral nucleocapsids (Curran et al.,
proteins, and the V protein. The longest open reading
1991b). The unique cysteine-rich regions of the measlesframe encodes the Sendai P protein [568 amino acids
virus and SV5 V proteins have recently been shown to(aa)] from nucleotide (nt) 104, while in the /1 reading
bind zinc (Liston and Briedis, 1994; Paterson et al., 1995).frame four translational start sites (nt 81, 114, 183, and
Studies on Sendai virus RNA synthesis show that both201) are used for the simultaneous translation of the C
V and W proteins interfere specifically with genome repli-proteins from the P mRNA (Curran and Kolakofsky, 1988;
cation and may thus serve a regulatory role in virus repro-Gupta and Patwardhan, 1988). P gene transcription of
duction (Curran et al., 1991a). Since W lacks the uniquemost, but not all, paramyxoviruses shows a unique fea-
C-terminus of V, inhibition of replication is due to se-ture designated P mRNA editing (for a review, Kingsbury,
quences from amino acids 1–316.1991). For Sendai virus there is the addition of a single
The Sendai P protein appears to have multiple rolesnontemplated G residue at nt 1053 that accesses an
in RNA synthesis, since it forms separate complexes withalternative reading frame to produce the V protein (Cur-
the L and NP proteins and the viral nucleocapsid. Theran et al., 1991a). The addition of two G residues in the
P–L complex comprises the viral RNA polymerase andSendai P mRNA gives rise to a protein designated W, a
L binds aa 412–478 of P protein (Smallwood et al., 1994,truncation of P shortly after the editing site. While most
Curran et al., 1994). Two separate regions, aa 345–411paramyxoviruses catalyze P mRNA editing, it does not
and the C-terminal 479–568 aa, of P which flank theappear to be essential, since PIV1 does not produce a
L binding site are required for binding to the SendaiV protein (Matsuoka et al., 1991). PIV3 edits the P mRNA
nucleocapsid (NP assembled with virion RNA) (Ryan andto access two new reading frames (Galinski et al., 1992;
Portner, 1990; Ryan et al., 1991). The NP0 –P complex isPelet et al., 1991).
the soluble form of NP (NP0) used for packaging nascentThe translation product of the Sendai edited mRNA,
RNA during genome replication (Horikami et al., 1992).the V protein, shares with P protein a common N-terminal
Recently, two sites on Sendai P have been identified as316 aa, but has a unique, cysteine-rich C-terminal 68
necessary for its binding to NP0: aa 33–41 and aa 479–
568 (Curran et al., 1995b), where the latter is also part1 This work was presented in part at the American Society of Virology
of the nucleocapsid binding site (Ryan et al., 1991). Sincemeeting, July 8–12, 1995, Austin, Texas (Abstract W40-3).
2 To whom reprint requests should be addressed. the former site would be present in both the P and V
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(and W) proteins, it was proposed that V protein might 6) with BamHI and XhoI primers and cloned in-frame
downstream of gst in pTMI-gst at those sites yieldingbind NP through this region to inhibit replication. While
this paper was in preparation, the P protein was shown pTMI-gstV and pTMI-gstW. Plasmids pTMI-gstVD1-77
and pTMI-gstWD1-77 were made by PCR amplificationto trimerize at a site in the C-terminal half of the protein
(Curran et al., 1995a). of VD1-77 and WD1-77 with BamHI and XhoI primers
and cloned into pTMI-gst at those sites. Plasmids pGEM-To identify viral protein(s) with which V protein might
interact to inhibit replication, we required a method that VD1-77 and pGEM-WD1-77 were constructed by diges-
tion of pGEM-V or pGEM-W with EcoRV and NdeI andwould allow us to screen for protein–protein interactions.
The yeast two-hybrid system developed by Fields and cloning the fragment into pGEM-PD1-77 at those sites.
Song (1989) allows a semiquantitative measurement of
Two-hybrid system in yeastthe existence and affinity of a protein–protein interaction
and has been used to identify protein partners for a vari-
The GAL1-lacZ reporter yeast strain, PCY2, with a gal4,
ety of viral and cellular factors (Guarente, 1993; Chevray
gal80 mutant background, and the vectors pPC97 and
and Nathans, 1992; O’Neill and Palese, 1995; Cortes et
pPC86 for the Gal4 binding domain (BD)(Gal4(BD)) andal., 1994; Dunaief et al., 1994; Fridell et al., 1995). The
Gal4 activation domain (AD) (Gal4(AD)) proteins, respec-basis for the two-hybrid system is that expression of a
tively, are from Chevray and Nathans (1992). Convenient
GAL1-lacZ reporter gene resident within the yeast ge-
restriction sites allowed the direct subcloning of portions
nome is placed under the control of the Gal4 protein.
of P and V lacking only the N-terminal 77 aa into the
Activation of b-galactosidase (b-gal) transcription from
yeast vectors. pGEM-P and pGEM-V were cut with Hin-
GAL1-lacZ is dependent on the reconstitution of plasmid-
dIII, blunted, and then digested with SalI; and each was
based Gal4 activity from separate Gal4 DNA binding (BD)
cloned into pPC86 and pPC97 cut with BglII, blunted, and
and activation (AD) domains. Interactions (binding) be-
cut with SalI, yielding the fusion of aa 78–568 of P or aa
tween two heterologous proteins fused to these domains
78–384 of V to the C-terminus of the AD (pPC86-PD1-77;
will activate the promoter. Using this methodology, as
pPC97-PD1-77) and BD (pPC86-VD1-77; pPC97-VD1-77)
well as a mammalian expression system that more
of Gal4, respectively. For NP insertion, the entire NP gene
closely represents the normal synthesis of the viral pro-
of pGEM-NP was PCR amplified with BamHI and NotI
teins, we have shown directly that V protein binds NP in
primers and cloned into BglII- and NotI-digested pPC86
part through a previously unrecognized binding region.
and pPC97. For Sendai L, the N-terminal 1146 aa of L
were PCR amplified with SmaI and BamHI primers andMATERIALS AND METHODS
cloned into the SmaI and BglII-digested pPC86 (pPC86-
Cells, viruses, antibodies, and plasmids L1). Yeast was transformed with pairs of AD and BD
vectors and selected on tryp-, leu- minimal medium ac-Sendai virus (Harris strain) and the Sendai virus defec-
cording to the method of Gietz et al., (1992). Colonies ontive interfering (DI) particle, DI-H, were propagated in
filter lifts were tested for blue color by the method ofembryonated chicken eggs and purified as described
Breeden and Nasmyth (1985). The activity of b-galactosi-previously (Horikami et al., 1992). Polymerase-free WT
dase (b-gal) in glass bead extracts (Himmelfarb et al.,Sendai and DI nucleocapsids (RNA-NP) were purified by
1990) of yeast cultures was determined by the methodbanding on CsCl gradients. Recombinant vaccinia virus
of Miller (1972) and is expressed as micromoles of o-containing the gene for the phage T7 RNA polymerase
nitrophenol per minute per milligram of protein. Protein(VVT7) (Fuerst et al., 1986) was grown in Vero cells.
concentrations of the extracts were determined by theTransfection and infection for all assays were performed
method of Bradford (1976). Reported values representin human lung carcinoma cells (A549) from ATCC. The
averages from at least three different cultures tested inSendai plasmids, pGEM-P/C, pGEM-Pstop, pGEM-NP,
quadruplicate which differed by less than 10%.pGEM-L, pGEM-V, pGEM-W, and pGEM-PD1-77 with
each gene cloned downstream of the T7 promoter were
Protein analysisdescribed previously (Curran et al., 1991a, 1994). Plasmid
pTM1-gstP expresses a glutathione S-transferase (gst) – To measure protein–protein interactions in cells, sub-
Sendai P protein fusion, gstP, starting at amino acid 6 confluent A549 cells (60-mm dishes) were infected with
of P protein (Chandrika et al., 1995). Rabbit polyclonal VVT7 at a multiplicity of infection (m.o.i.) of 2.5 PFU/cell
anti-Sendai virus (a-SV), peptide anti-V (a-V), and anti- for 1 hr at 377. The cells were then transfected separately
gst (a-gst) antibodies were described earlier (Horikami or together utilizing lipofectin (Life Technologies) in Opti-
et al., 1992; Curran et al., 1991b; Chandrika et al., 1995, MEM medium (GIBCO) with either pTM1-gstP (1 mg),
respectively). pGEM-P/C (5 mg), pGEM-NP (5 mg), or the various gstW
and gstV plasmids (1 mg). At 4.5 hr posttransfection the
Construction of protein expression vectors medium was replaced with cysteine- and methionine-
free MEM and the cells were labeled with Tran35S-labelFor the gst fusion proteins, V and W were PCR ampli-
fied from pGEM-V or pGEM-W (starting at amino acid (ICN Pharmaceuticals, Inc., 100 mCi/ml) for 5 hr or labeled
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TABLE 1overnight in medium consisting of 10% F11 and 90% cys-
teine- and methionine-free MEM as indicated in the fig- Interactions of Sendai Virus Proteins in Yeast Expressing
ure legends. Cytoplasmic cell extracts were prepared GAL4-Sendai Virus Hybrid Proteins
by lysis in Sendai reaction mix salts (RM salts, 300 ml)
Double transformantscontaining 0.1 M HEPES (pH 8.5), 0.05 M NH4Cl, 7 mM
KCl, 4.5 mM magnesium acetate plus 0.25% NP-40, and
DNA binding Activation Colony b-Gal
pelleting at 13,000 rpm for 10 min at 47. The samples domain hybrid domain hybrid color activity
were either immunoprecipitated with a-SV and a-gst anti-
1. — — White 0.8bodies (1 ml each) or selected with Sepharose beads
2. GAL4(BD) GAL4(AD)SV-L1 White 0.4coupled to glutathione (Beads) (Pharmacia). The proteins
3. GAL4(BD)SV-P* GAL4(AD) White 0.5were analyzed by 7.5% SDS–PAGE and fluorography.
4. GAL4(BD) GAL4(AD)SV-P* White 0.6
To test fusion protein binding to nucleocapsids VVT7- 5. GAL4(BD)SV-P* GAL4(AD)SV-L1 Blue 40.9
infected A549 cells were transfected separately with the 6. GAL4(BD)SV-P* GAL4(AD)SV-P* Blue 31.2
7. GAL4(BD)SV-V* GAL4(AD) White 0.2gstP, gstV, or gstW plasmids (1 mg) and labeled with
8. GAL4(BD) GAL4(AD)SV-V* White 0.3Tran35S-label overnight. Cytoplasmic extracts (400 ml)
9. GAL4(BD)SV-P* GAL4(AD)SV-V* White 0.3were prepared by lysolecithin permeabilization (Horikami
10. GAL4(BD)SV-V* GAL4(AD)SV-P* White 0.5
et al., 1992), and portions (40 ml) were immunoprecipi- 11. GAL4(BD)SV-V* GAL4(AD)SV-V* White 0.5
tated with a-gst serum and analyzed by SDS–PAGE. 12. GAL4(BD)-SNF1 GAL4(AD)-SNF4 ND 16.0
Samples of the extracts (150 ml) were incubated without
Note. The L1 fusion contains amino acids 1–1146 of the L protein.(0) or with (/) purified polymerase-free WT RNA-NP tem-
The P* and V* fusions lack amino acids 1–77 of P and V due to theplate (2.4 mg) for 30 min at 307. The samples were sedi-
cloning strategy. Pairs of plasmids were introduced into PCY2 and
mented through a step gradient with 2.5 ml of 30 and transformants were assayed for colony color and in quadruplicate for
50% (v/v) glycerol in 10 mM HEPES, pH 8.5, for 90 min b-gal activity as described under Materials and Methods.
at 50,000 rpm at 47 in the SW55 rotor and the pellets
were analyzed by SDS– PAGE and autoradiography and
quantitated on the phosphorimager. RNA synthesis. The viral genes were cloned into the
yeast vectors and in every case cotransformation of yeast
with both the fusion vector and the cognate vector with-Sendai DI-H replication
out insert, the single fusion protein gave no b-gal activity
For in vitro replication assays VVT7-infected A549 cells (Tables 1 and 2). As a positive control for the system we
were transfected with pGEM-NP (2 mg), pGEM-Pstop (5 tested the known interaction between the P and L pro-
mg), and pGEM-L (0.5 mg) in the presence of increasing teins in yeast. The P* protein (amino acids 78–568) sub-
amounts of the deletion V or W plasmids as indicated cloned into the BD vector was cotransformed with the
in the figures. At 18 hr posttransfection extracts were N-terminal half of the L protein in the AD vector (L1) and
prepared by lysolecithin permeabilization in complete re- showed a positive interaction (41 U) in this assay (Table
action mix (100 ml) as described previously (Horikami et 1) as expected (Chandrika et al., 1995). Cotransformation
al., 1992) and samples (10 ml) were analyzed by SDS – of P* in each vector also gave a stable P–P interaction
PAGE and Western blot analysis with a-SV or a-V sera (31 U) (Table 1). These are significant interactions relative
to confirm the synthesis of the viral proteins. The remain- to the SNF1 and SNF4 interaction (Yang et al., 1992)
der of each sample was incubated with polymerase-free used as a positive heterologous control for the two-hybrid
DI-H (1 mg) and [a-32P]CTP (500 mCi/ml) at 307 for 2 hr. system. The P* and V* proteins which share the amino-
Samples were treated with micrococcal nuclease and terminal 78–316 amino acids in these constructs, in ei-
the resistant nucleocapsid products banded on CsCl. ther vector orientation, in contrast, did not interact with
The RNA was extracted and analyzed by electrophoresis each other and V* did not interact with itself. V protein
on 1.5% agarose–acid– urea gels and autoradiography thus appears not to interact with either component of the
as described previously (Horikami et al., 1992), except polymerase complex, since V did not bind P in the yeast
that mini-agarose gels were used where the (/) and (0) system and we showed previously by sedimentation
strand DI RNAs are not resolved and migrate as one analysis that V did not bind L protein (Smallwood et al.,
band. The levels of products were quantitated on the 1994).
phosphorimager. In analogous experiments cotransformation of the two
NP fusion vectors gave very good b-gal activity (207 U,
RESULTS Table 2), a sixfold increase over the P–P interaction.
Thus this assay indicates a strong NP–NP interaction.Sendai virus protein–protein interactions in the two-
By far the most significant activity (981 U), however, washybrid system in yeast
obtained with NP fused to the BD and P* fused to the
AD of gal4. Interestingly, this interaction was orientationWe have used the two-hybrid system to test for interac-
tions between the various Sendai proteins required for specific since switching the viral proteins in the vectors
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TABLE 2 the P–gstP interaction requires the synthesis of the two
proteins in the same cell. We also mapped the site onSendai Virus NP Protein Interactions in Yeast Expressing
P protein responsible for oligomerization with a seriesGAL4-Sendai Virus Hybrid Proteins
of P deletion proteins (Smallwood et al., 1994) to amino
Double transformants acids 345–411 (data not shown), confirming the recent
data of Curran et al. (1995a).
DNA binding Activation Colony b-Gal
domain hybrid domain hybrid color activity Both full-length and deletion V and W proteins bind
NP protein in mammalian cells
1. — — White 0.016
The recent data of Curran et al. (1995b) on P protein2. GAL4(BD)SV-P* GAL4(AD)SV-P* Blue 31.00
3. GAL4(BD)SV-NP GAL4(AD) White 0.11 suggested that amino acids 33–41 of the V protein would
4. GAL4(BD) GAL4(AD)SV-NP White 0.16 be important for binding to NP; however, these amino
5. GAL4(BD)SV-NP GAL4(AD)SV-NP Blue 207.70 acids were missing in the V* construct which appeared
6. GAL4(BD)SV-NP GAL4(AD)SV-P* Blue 981.10
to interact with NP in the two hybrid system (Table 2).7. GAL4(BD)SV-P* GAL4(AD)SV-NP Blue 59.00
To further explore the NP–V interaction, we measured8. GAL4(BD)SV-V* GAL4(AD)SV-V* White 0.15
9 GAL4(BD)SV-V* GAL4(AD)SV-NP Blue 9.58 the binding of full-length and deletion gst fusion proteins:
10. GAL4(BD)SV-NP GAL4(AD)SV-V* White 0.18 gstV, gstVD1-77, gstW, and gstWD1-77 (shown schemat-
ically in Fig. 2), to NP in the mammalian expression sys-
Note. The NP fusion contains the entire NP protein. The P* and V*
tem, which should again reflect more normal expressionfusions lack amino acids 1–77 of the P and V proteins. Analysis was
of the viral proteins. As the positive control for the assayperformed as described in Table 1.
NP cobound with gstP to beads when the proteins were
coexpressed (Fig. 3A, lane 8), where NP expressed alone
only gave 59 U of b-gal activity. These data confirm NP0 – (lane 2) did not bind (lane 6), showing the specificity
P complex formation previously measured by blotting of the interaction. Interestingly, both the full-length and
(Homann et al., 1991) and cosedimentation (Horikami et deletion gstV and gstW proteins also bound NP protein
al., 1992) analysis. When the V* fusion protein was tested (Fig. 3B, lanes 2, 4, 6, and 8). There was a band migrating
with the cognate NP fusion, reproducible activity (10 like NP when gstWD1-77 was expressed alone (lane 7),
U) was obtained, but only in one orientation in the vec- but this clearly increased upon coexpression, indicating
tors. These data provide the first direct indication that V that NP binds gstWD1-77. These data suggest that the
protein binds to NP protein. sequences mediating the V–NP and W–NP interactions
must reside between amino acids 78–316 (Fig. 2) with
P–P interaction in mammalian cells the unique C-terminal domain of the V protein, which is
not in W, apparently not contributing to NP binding.To extend the analysis of the P–P interaction we mea-
sured the binding of a gstP fusion protein to P protein in V and W proteins do not bind viral nucleocapsids
a mammalian expression system, circumstances which The binding of the gstV and gstW deletion proteins to
would more closely approximate the expression of the NP in the bead binding assay could theoretically repre-
proteins in a viral infection. Cells were infected with VVT7
and transfected with the plasmids, and samples of 35S-
labeled cytoplasmic extracts were either immunoprecipi-
tated (IP) or bound to glutathione–Sepharose beads as
described under Materials and Methods. The cobinding
of an interacting protein with gstP to the beads provides
a measure of complex formation (Chandrika et al., 1995).
When expressed with gstP, P cobound to beads (Fig. 1,
lane 8), whereas it did not bind alone (lane 6), although
P was expressed (lane 2). P protein did not bind to gst
protein (data not shown), therefore, the interaction de-
pended on the P portion of the fusion protein. These
data confirm the P–P binding measured in the two-hybrid
FIG. 1. The gstP–P interaction depends on synthesis of the proteins
system and with a differently tagged P protein (Curran in the same cell. VVT7-infected A549 cells were transfected with no
et al., 1995a). To determine if the proteins needed to be plasmid (0) or with pTM1-gstP and pGEM-P/C alone or together as
indicated at the top and labeled overnight with Tran35S-label, andsynthesized together for binding to occur, extracts with
cytoplasmic extracts were prepared. One set of samples was immuno-gstP and P expressed separately (Fig. 1, lanes 2 and 3)
precipitated with a-SV sera (IP). Samples of the extracts expressingwere mixed and assayed for bead binding. In the mixed
only P or gstP (lanes 2 and 3) were also mixed and incubated for 30
sample only gstP and not P bound beads (Fig. 3A, lane min at 307 (lane 9, mix). All samples were then bound to beads as
9) compared with the control coexpression of gstP and indicated at the bottom and analyzed by SDS–PAGE and autoradiogra-
phy. The positions of the gstP and P proteins are shown on the left.P where both bound (lane 8). These data suggest that
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FIG. 4. Binding of gstV and gstW fusion proteins to Sendai nucleocap-
sids. VVT7-infected A549 cells were transfected separately with no
plasmid or with the gstP, gstV, or gstW plasmids and labeled with
Tran35S-label overnight. Cytoplasmic extracts were prepared, and a
portion was immunoprecipitated with a-gst serum and analyzed directly
by SDS–PAGE (A). Samples of the extracts were incubated without (0)
or with (/) polymerase-free WT Sendai RNA-NP template and sedi-
mented through glycerol as described under Materials and Methods,
FIG. 2. Summary of the P, V, and W proteins and their interactions
and the pellets were analyzed by SDS–PAGE (B, lanes 1–8). The posi-
with NP protein and nucleocapsids. (A) The WT and deletion V and W
tions of the gst fusion proteins are indicated on the left and by asterisks
proteins are shown by the solid bars where the patterned area repre-
on the right.
sents the residues unique to V. A summary of the data on the interac-
tions of the proteins with NP in the two-hybrid system in yeast (Tables
1 and 2) and the binding of each of the gst fusion proteins to NP0 (Fig.
expressed separately in VVT7-infected, transfected cells3) or nucleocapsids (Nc, Fig. 4) is shown on the right. ND indicates
not done. (B) A diagram of the binding sites on the P protein (568 amino were incubated in the presence or absence of WT poly-
acids) is shown as the open rectangle. The patterned areas represent merase-free nucleocapsids (Nc) and then sedimented
the NP0 binding regions at amino acids 33–41 and 479–568 (Curran through glycerol. Immunoprecipitation of a portion of the
et al., 1995b) and 78–316 (Fig. 3). Amino acids 345–411 and 479–568
total samples showed that each protein was synthesizedare required for binding to Nc (Ryan and Portner, 1990), while amino
(Fig. 4A, lanes 2–4). In the absence of Nc a small amountacids 412–478 and 345–411 encompass the L (Smallwood et al., 1994;
Curran et al., 1994) and P (Curran et al., 1995a; data not shown) binding (4%) of the total gstP protein sedimented through glycerol
sites, respectively. (Fig. 4B, lane 3), but in their presence gstP bound very
well (95%, lane 4), as expected. The gst protein did not
bind nucleocapsids (data not shown), so binding wassent an interaction with either soluble NP0 or NP that
has been assembled into nucleocapsid-like particles specific for the P portion of the fusion protein. In contrast,
only 4% of the total gstV and 1% of the total gstW pelleted(Buchholz et al., 1993). To test the latter possibility we
used a sedimentation assay previously developed to when incubated with Nc (Fig. 4B, lanes 6 and 8, respec-
tively), indicating that there was little or no binding tomeasure P binding to nucleocapsids (Ryan and Portner,
1990). 35S-labeled mock, gstP, gstV, and gstW proteins Nc. This confirms previous work showing that Sendai V
FIG. 3. Complex formation of the full-length and deletion gstV and gstW fusion proteins with the Sendai NP protein. A549 cells were infected
with VVT7 and transfected with (A) no plasmid (0) or the gstP plasmid, and (B) no plasmid (0) or the indicated full-length or deletion gstV or gstW
plasmids in the absence or presence of pGEM-NP as indicated at the top of each panel. The cells were labeled with Tran35S-label for 5 hr, and
samples of cytoplasmic extracts were either (A) immunoprecipitated (IP) with a-SV serum or (A and B) bound to beads as indicated at the bottom
and analyzed by SDS–PAGE and autoradiography. The positions of the gstP and NP proteins are shown on the left, and the positions of the full-
length and deletion gstV or gstW fusion proteins are indicated by asterisks.
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protein did not significantly bind nucleocapsids (Curran
et al., 1991b). The other bands are vaccinia proteins or
presumably truncated gstP (lane 4) that pelleted at low
but variable levels nonspecifically in this assay. These
data suggest that complex formation of the V and W
fusion proteins with NP in the bead binding assay (Fig.
3) represents an interaction specific for NP0 .
The V and W deletion proteins inhibit DI-H RNA
replication
Since our data suggested that amino acids 78–316
are important for the NP0 –V interaction, we tested
whether the VD1-77 and WD1-77 deletion proteins could
also act to inhibit DI replication. We confirmed (data not
shown) previous studies showing that full-length V and
W proteins inhibited replication (Curran et al., 1991a).
VVT7-infected cells were transfected with plasmids for
the NP, P, and L proteins with increasing amounts of the
plasmids for VD1-77 or WD1-77. Extracts of these cells
were incubated with polymerase-free DI-H nucleocap-
sids and [a-32P]CTP to measure genome replication in
vitro as described under Materials and Methods. The FIG. 5. Inhibition of replication of DI-H genome RNA by the V and
data show that both VD1-77 and WD1-77 inhibited DI-H W deletion proteins. VVT7-infected A549 cells were transfected with
RNA replication (Figs. 5A and B) to about the same extent no plasmids (M) or with pGEM-NP, pGEM-Pstop, and pGEM-L in the
presence of the indicated amounts (mg) of either pGEM-VD1-77 (A) or(70%) when the products are quantitated (Fig. 5C). Al-
pGEM-WD1-77 (B) as indicated at the top. Cytoplasmic extracts werethough we have no antibody to measure the synthesis
prepared and incubated with polymerase-free DI-H RNA-NP in the pres-
of WD1-77, immunoblot analysis showed that increasing ence of [a-32P]CTP. The replication products were purified and analyzed
amounts of the VD1-77 protein were synthesized (data by gel electrophoresis as described under Materials and Methods. The
not shown), which was also presumably the case for position of DI-H RNA is indicated. (C) The radioactivity in the DI-H
product RNA was quantitated on the phosphorimager and plotted forWD1-77 since it similarly inhibited. By in vitro transcrip-
VD1-77 (j) and WD1-77 (l) as the percentage replication relative totion and translation the WD1-77 protein was synthesized
the control in the absence of the V or W deletion protein, respectively,
from this plasmid. The addition of similar amounts of as 100%.
plasmid without V or W sequences had no effect on DI-
H replication (not shown); thus inhibition was dependent
seen during self-assembly when NP is expressed aloneupon the V or W sequences.
(Buchholz et al., 1993). The normal substrate for encapsi-
dation during genome replication is the soluble NP0 –PDISCUSSION
complex and presumably the viral RNA polymerase must
somehow disrupt this strong interaction in order to useWe have utilized several approaches to study the viral
protein–protein interactions required for Sendai virus NP for packaging RNA. Potential caveats, however, with
attributing absolute values for the binding strengths inRNA synthesis. The two-hybrid system in yeast was first
used to confirm known interactions, such as the NP0 – P this system are first, that several of the interactions were
considerably reduced when the proteins were fused incomplex (Homann et al., 1991; Horikami et al., 1992), P
binding with the N-terminal half of the L protein (Chan- the opposite vectors, and second, they come from fusion
proteins in a heterologous expression system. Nonethe-drika et al., 1995), and the recently identified P–P binding
(Curran et al., 1995a). This system also gives a semiquan- less, the method has identified new interactions of the
Sendai proteins that were confirmed in other assays.titative measure of the relative strengths of the interac-
tions not obtained by other methods (Tables 1 and 2). In The P–P interaction was confirmed in a mammalian
expression system using a gst tagged P protein and thethe two-hybrid system we have now directly identified
NP–NP and NP0 –V interactions. NP–NP binding is quite interaction required the expression of the P and gst P
proteins in the same cell. The P–P binding site wasstrong, consistent with the known assembly of this pro-
tein into nucleocapsids which are resistant to high salt mapped to amino acids 345–411 with deletions through-
out P (data not shown; Curran et al., 1995a) and the latterand to nuclease digestion. Based on the levels of the
reporter gene synthesized, the NP0 –P interaction ap- studies suggest that Sendai P, as well as mumps and
measles P, is a homotrimer formed via coiled coils inpears considerably stronger than that for NP binding to
itself, a property which would contribute to the ability of this region. The deletion of amino acids 345–411 also
prevented the P protein from binding nucleocapsidsP to prevent the formation of illicit NP–NP interactions
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(Ryan and Portner, 1990), suggesting that an oligo- Another indication of the importance of amino acids
78–316 in the V and W proteins is that expression ofmerized form of P is required for the interaction with
nucleocapsids. In contrast, a P protein deleting this re- either protein lacking amino acids 1–77 inhibits DI-H
genome replication in vitro in a dose-dependent mannergion could still bind the L protein (Smallwood et al., 1994;
Curran et al., 1994), suggesting that P might be a mono- (Fig. 5), as does expression of the full-length proteins
(data not shown, Curran et al., 1991a). Presumably dele-mer in the P–L complex. Alternatively, monomeric P pro-
tein might bind L, but not in a form functional in RNA tion of amino acids 33–41 would also result in a V protein
that would inhibit replication, although this remains tosynthesis, since the polymerase, via P, could not bind
the nucleocapsid template. Biochemical characterization be tested directly. In P protein as well, amino acids 78–
316, in addition to amino acids 33–41 and 479–568,of the various complexes will be required to establish
the molar ratios of the active constituent proteins. should contribute to NP0 –P binding. In previous experi-
ments (Curran et al., 1994) the P deletions, PD78-320 orFor the rhabdovirus virus, VSV, the P protein forms an
oligomer which by gel filtration was found to be a tetra- PD145-320, were tested for replication in vitro and gave
61 and 68% inhibition, respectively, suggesting that thismer with an apparent molecular weight of 120 kDa (Gao
and Lenard, 1995a, b). These studies further showed region also contributes significantly to the functional
NP0 –P complex, although the original conclusion wasthat phosphorylation at two N-terminal residues of P was
required for oligomerization, for binding to L protein and that this region did not play an essential role. The interac-
tion of the NP and P proteins is a common feature ofthe nucleocapsid, and thus for the activity of the protein in
transcription. For measles virus P protein several groups rhabdo- and paramyxoviruses, although the details of the
interacting sites appear to be somewhat divergent (Fuhave identified binding sites for viral proteins. Liston et
al. (1995) and our recent data (Bankamp et al., 1996) on et al., 1994; Harty and Palese, 1995; Homann et al., 1991;
Takacs et al., 1993; Zhao and Banerjee, 1995).measles virus P suggest that the L, P, and nucleocapsid
binding sites all significantly overlap in the C-terminus We propose that the specific inhibition of genome rep-
lication by V protein occurs through interference withof P, while the N-terminus does not appear to be involved
in any of these functions. Harty and Palese (1995), how- either the formation or the use of the NP0 –P encapsida-
tion substrate. From the lesser strength of the NP0 –Vever, found that both the N- and C- termini of measles
virus P were required for binding to N, while just the interaction as measured in the two-hybrid system, we
propose that excess V would need to be expressed toC-terminus was needed for binding itself. Curran et al.
(1995a) showed that the isolated measles P–P binding prevent NP0 –P complex formation and thus replication.
Such a correlation is observed where increasing inhibi-site could confer complex formation to a normally mono-
meric heterologous protein. These data are consistent tion occurs with increasing V protein expression (Fig. 5;
Curran et al., 1991a), although further studies will bewith a model in which measles P oligomerization, as
in VSV, is required for binding to both L protein and required to elucidate the precise mechanism.
nucleocapsids.
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